I. Introduction
HERE has been a tremendous amount of data published on analysis of Apollo samples. Most of the regolithrelated work has addressed scientific questions of lunar crustal formation, geologic history, mixing and reworking from impact events, etc. The degree and kind of detail from this work is usually insufficient to adequately constrain lunar regolith parameters for engineering purposes. Constraining the expected variance as functions of distance of particle type, size and shape distribution, and bulk density of lunar regolith is paramount in designing processes and technologies for purposes of In Situ Resource Utilization (ISRU) and hazard mitigation.
T
The current lunar architecture puts the initial locus of habitation in the lunar Polar Regions, which are likely to be mantled by highlands-type lunar regolith. We are investigating Apollo 16 highland regolith samples to generate the data necessary to produce appropriate simulants and to evaluate simulants produced by other groups. 1 Apollo cores, both drive and drill, are our preferred sample types -they allow for investigation of variation with depth and many proposed operations on the moon will involve excavation of lunar regolith to depths of tens of centimeters. As the lunar architecture expands or evolves, these investigations will expand to incorporate other lunar locales, such as mare and the KREEP-enriched Procellarium terrane.
There are numerous data in the literature that enable evaluations of variance in the regolith, though not always for the parameters we need. Examples include the sources of the datasets used in this paper, cited below, and extensive chemistry data.
2-5 Furthermore, there have been studies specifically addressing chemical variance. 6, 7 In this paper we take particle type data (modal data) from the literature and analyze it using the Figure of Merit (FoM) tool developed by the simulant group to quantitatively compare reference regolith materials to simulants. 8 By this method we present new quantitative assessments of the particle type variance of Apollo 16 samples. Particle type modal composition is important for engineering as it strongly affects physiochemical processes like melting and oxidation/reduction. 9,10 It also partly controls geomechanical behavior; minerals and glass have inherent characteristics of hardness and fracture/cleavage behavior reflective of their internal structure, and the behavior of the bulk material is partly derived from these constituents.
II. Data

A. Dataset selection
We selected the 90-150 µm size grains because this is a size fraction for which a large number of samples have been analyzed using a compatible classification system of Ref. 11. We were able to integrate some earlier work into this dataset, 12, 13 but at the cost of some loss of detail. Some data is available for fractions ranging from 20-1000 µm, [12] [13] [14] some from 20-500 µm, 15, 16 and some only on the 90-150 µm fraction. 14 Grains of from 90-150 µm are generally identifiable under an optical microscope and broadly representative of the regolith composition.
14 A summary of the data is shown in Table 1 .
B. Limitations
The size distribution of particle types near the lunar surface changes with time. This "maturation" results from the competing processes of agglutinization and comminution of particles (path 1 of Ref. 17) . Maturation results in a higher percentage of agglutinates and glass overall and an increase of mineral and glass fragments in the finest fractions at the expense of lithic and breccia fragments in the coarser size fractions. So, the examination of particle types in a given size fraction will not necessarily provide the same insight into regolith composition as will examination of a range of particle sizes in the same material.
Furthermore, there are important parameters of regolith composition that this exercise does not consider. One is the exact chemical composition of phases. Most minerals considered in this assessment are solid-solution minerals and these, as well as glass, have wide ranges of possible compositions. The actual chemical composition of solid solution minerals affects such things as melting temperature 18 . The current released version of the FoM algorithm does not adequately reflect this fact. Second, the published particle type modal data used here do not depict the total amount of any single phase in the regolith. For example, a mineral may occur as monomineralic particles, but it may also occur as grains in a particle of agglutinate, breccia, or a lithic fragment. This distinction in not captured by the available data. Third, the published data do not provide the level of detail on trace minerals in the regolith the FoM algorithm is designed to use. The term "opaques" (Table 1 ) is a catchall term for Fe metal, Fe-Ti minerals like ilmenite, spinel series oxide minerals that contain Fe, Ti, Cr, Al, and Mg, and sulfide minerals. Other non-opaque trace minerals like the halogen-bearing phosphate apatite are not counted or are grouped under "miscellaneous" or "other". Although volumetrically minor, some of these trace minerals exert disproportionate harm to ISRU and mechanical processes (due to the F and Cl in apatite, or to the high abrasiveness of some spinel minerals) or disproportionate benefit to ISRU, such as the Fe-Ti oxide mineral ilmenite's benefit to oxygen production by H 2 -reduction.
III. Figure of Merit
The purpose of the Figure of Merit (FoM) is to quantitatively compare a regolith simulant to a reference material, where the reference may be a regolith sample, a hypothetical regolith sample, or other batches or types of simulants. However, the mathematics allows the comparison of any two materials. Though FoM algorithms exist for modal composition, size distribution, shape distribution, and density, we here compare materials only using the particle type, or modal composition, algorithm. The Figure No weighting was used in these computations, so W=1.
As computed, the Figure of Merit for modal composition may be interpreted as the fraction of material that is the same in both materials. A more detailed exposition of the FoM mathematics may be found Ref. 8 . The modal, or particle type, composition of a material may be viewed as a vector of the fractions of the various constituents of a material. The elements of a composition vector must necessarily sum to unity (the sum of the fractional parts must equal the whole). Therefore, all published compositions used for this paper have been normalized, when necessary, to unity. Composition may be defined at multiple levels of specificity, starting with basic classes such as lithic fragments, breccias, mineral fragments, glasses, and agglutinates, and then further subdividing each class into sub-constituents as necessary for a particular application. Breccias are further divided into fragmental/vitric and crystalline matrix breccias in Table 1 , but for purposes of calculation these are combined into the one category of breccia. For calculation, monomineralic particles are subdivided by mineral type ( Table 1) . The categories used here do not correspond to the categories in the first release of Figure of Merit software. We used the most detailed common level of classification from the literature samples so as to preserve information. The mathematics, however, are unchanged.
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IV. Results
Numerical results of all particle type FoM calculations are shown in Table 2 . Figure 1 contains both Apollo 16 cores; in it all samples have had FoM scores calculated against the core's mean composition (see Table 2 for scores) and these scores are plotted against depth. The mean FoM scores for each core measured against its own mean composition are: 0.76 for 60009/60010 and 0.92 for 64001/64002. It is evident from Fig. 1 that station 10 core 60009/60010 has the higher internal variance.
At a depth of 53.3 cm 60009/60010 has the lowest FoM score, when measured against its group mean, of any sample in this exercise. This sample has an anomalously high plagioclase particle content of 76.5%. 12 Ref. 19 also shows that this 60009 sample interval is relatively enriched in Ca and Al (two of the main chemical constituents of plagioclase) and depleted in Fe, Cr, and Ni, and is the most feldspathic regolith sample examined in Apollo core. Another, lesser excursion apparent in 60010 from Fig. 1 is at 20.0 cm, where occurs the highest values of incompatible trace elements (e.g., Th and Sm) in the 60009/60010 core along with an enrichment in Sc, Cr, and Fe 19 -minerals concentrated in mafic minerals. This sample contains the highest amount of fragments of the mafic mineral pyroxene within the core, at 5.1%. 13 A calculation of the mean FoM for the core 60009/60010 against its mean composition with the 53.3 cm outlier sample removed yields a mean score of 0.79 -still the lower of the cores tested.
The lowest internal FoM score for the 64001/64002 core is 0.79 at 15.0 cm depth. This sample contains the highest abundance of monomineralic plagioclase of this core at 42.5% and the lowest agglutinate%. 15 This interval is enriched in Na and Sc. One of the parameters that correlates with the compositional FoM score in these Apollo 16 samples is sample maturity. Table 2 contains the results of ferromagnetic resonance (FMR) in index values of I s /FeO. This parameter is a measure of relative regolith maturity. There is a well-demonstrated correlation of I s /FeO with agglutinate abundance, such that agglutinate modal% is often used as a proxy for regolith maturity.
14 Agglutinate % in the 90-150 µm size fraction was studied in Apollo 17 regolith as an examination of regolith maturity. 17 Figure 4 shows variation in I s /FeO relative to composition FoM scores measured against the reference mean 64001/64002 composition. The average I s /FeO of the 64001/64002 core is shown, plotted at FoM = 1 (since it is the reference material). Although I s /FeO is not a parameter explicitly incorporated into the modal composition FoM, it is clear that samples are arrayed towards the average I s /FeO of the reference material. With some scatter, samples less mature than the average 64001/64002 maturity are clearly aligned in a positive slope towards the average composition, and we believe the more mature samples are aligned on a negative slope towards the average composition. Figure 5 shows the same pattern, but this time by showing agglutinate fraction as a proxy for maturity. 19 In addition to chemical data, the variance expressed by the composition FoM also reflects the sample maturity. This correlation between maturity and FoM composition is not surprising, since maturation processes correlate with agglutinization, and agglutinates are one of the most abundant particle types in the lunar regolith, and often the most dominant particle. Of course, as with any variable in the FoM, the correlation will be positive or negative depending on the reference material and the relative abundance in the comparison sample group.
Further correlation of chemical and maturity data with modal data, size distribution data, and shape data may provide efficient estimation of lunar regolith variance for parameters of interest to ISRU and hazard mitigation efforts. To maximize the utility of these estimates of variance, we must gather data on trace minerals and total volume% modal data by phase in the regolith. The FoM is a set of algorithms designed to The FoM is a set of algorithms designed to quantitatively compare two granular materials materials.
1) particle type/composition 2) particle size distribution (PSD) 2) particle size distribution (PSD) 3) particle shape distribution 4) bulk density characteristics 4) bulk density characteristics • However, we use it here to compare Apollo 16 samples to one another 16 samples to one another. Variance: Major and trace element chemistry (Korotev, 1982 and Korotev et al., 1984) This has no effect on the current particle type This has no effect on the current particle type compositional FoM.
• Maturity has a larger effect on particle type composition. p Some Conclusions Some Conclusions
• The reference sample, core 64001/64002, has the lowest internal variance analyzed the lowest internal variance analyzed.
• Available particle type data yields FoM's that are • Available particle type data yields FoM s that are moderately to strongly dependent on sample maturity.
• Combining particle type with data with more d t il d i l i l d h i l d t ill detailed mineralogical and chemical data will improve variance assessment. 8 
